Hydropower is the leading renewable source of electricity generation and a low emission energy source. In order to be developed sustainably, it is important that its costs and benefits are adequately set and distributed. Different mechanisms, such as royalties, can be used for this purpose. Governments have usually kept hydropower royalty rates low, without internalizing negative externalities. This strategy is inefficient because it leads to larger electricity production and consumption, and hence exacerbates environmental impacts. This paper reviews the criteria proposed and used to set hydropower royalties. It also compares practices of the four main hydropower producers in the world: China, Brazil, Canada and the United States. Results show that royalty rates and distribution policies are determined in an arbitrary and unsystematic manner, but also that water use is usually undervalued. In order to encourage the development of this key renewable resource, in a sustainable and responsible way, national and international efforts should be made to rationalize and harmonize hydropower royalty rates.
Introduction
Hydropower is the leading renewable source of electricity generation, with 16.3% of the world output compared to only 5.7% for other renewables [1] . In addition to being a low emission energy source, it has many benefits, often including storage, low ramp-up time and water management opportunities [2] . To be used and developed sustainably, it is important that its costs and benefits are adequately set and distributed [3] . Different mechanisms, such as royalties, can be used for this purpose. Imposing such types of financial instrument on developers of these natural resources is not, however, as common as it is in the oil, gas or coal sectors.
Furthermore, governments have usually kept hydropower royalty rates low, without internalizing negative externalities. This strategy is inefficient, by exacerbating environmental impacts through larger electricity consumption and production [4] . Governments have indeed generally preferred to keep hydroelectricity prices low, through low royalty rates, for the benefit of consumers [5] .
Very little has been written about the criteria that should be considered to set hydropower royalties and even less on international comparison of hydropower royalties. This paper addresses these two issues. First, we identify different methods that have been used to establish a financial compensation, and, second, we compare hydropower royalties in the world of four main hydropower producers: Brazil, China, Canada and the United States. Together, they account for more than half of the global hydropower production [1] .
Only two documents proposing an international comparison of hydropower royalties were identified: Brubaker [6] and UNIPEDE [7] , with very limited depth. A more recent report describes the US annual charge system [8] . Other articles found mainly focus on water laws for water withdrawals and water use, but with no emphasis on charges for hydropower [9] [10] [11] [12] . In an Italian context, Ref. [13] estimates the value of the hydroelectric rent that could be used to estimate the level of hydropower royalty rates. More recently, Glachant, et al. [14] looked at the different European regimes for granting rights to use hydropower, and have observed major discrepancies, concluding that competition in this sector could be an issue, but that distortions from unharmonised regimes are even more problematic. Their focus is, however, European, when none of the world's largest hydro producers are in Europe.
After reviewing the practices adopted by governments or suggested in the literature for hydropower royalties, we present in Section 3 the royalty rates approach adopted by the four largest hydropower producers in the world. Section 4 discusses how these practices could be improved.
Materials and Methods
We have conducted a systematic review of legislation, regulations and policies within the four largest producers of hydroelectricity, in order to better understand their system and hydropower royalties.
Our information originates essentially from a literature search, accessible data from ministry websites as well as from completing interviews with key informants from these ministries. This document is designed to deal with basic concepts through a general description of the legal provisions and hydropower royalty structure, in order to point at some policy improvements.
The concept of royalties evokes compensation to the right of use and the right to obtain some economic benefits from natural resources. In the case of hydropower royalties, they are established as compensation for the right of use water resources to produce electricity. In fact, as water and energy are interconnected, it is very important to manage them together [15] .
The tax structure for hydropower varies from country to country as does the amount of taxes paid. Nevertheless, we have identified some general approaches that are commonly used in several countries and other methods that are highly recommended by the literature on this topic.
First of all, the social and environmental approaches suggest that in order to reduce or mitigate negative externalities associated with water overuse caused by dams, governments should levy a tax to compensate the damages caused to the environment and to the local communities. These possible negative externalities are, for instance, water pollution, environmental damages, degradation or loss of riparian habitat, evaporation [16] and negative impact to aquatic species. Nevertheless, some authors bring to light the fact that we have to suppose that society has accepted some level of environmental degradation to cover some energy needs [17] . In this sense, countries such as Brazil have found royalties necessary to compensate people who are harmed as a result of the construction of dams [18, 19] .
In the same direction, some authors propose charging royalties depending on the dam's size, as it is recognized that large dams imply massive negative environmental and social impacts that raise questions about the sustainability of those projects [20, 21] . Some provinces of China have adopted this approach, but not the one of Hubei, where the Three Gorges dam, the world's largest hydroelectric power station, is installed. In fact, this enormous dam is controversial because of ecological degradation and displaced communities [15] .
Other approaches propose compensating for the cost of modifying water ways. This method considers the length of the watercourse made dry as a result of the diversion or based on the tonnage of extracted alluvial materials [18] . As we will further expose, California, in the United States, has adopted a royalty system that includes this consideration.
The most common practice found in China, several US states and provinces in Canada is to charge a royalty based on electricity generation. Such charges can be stated as fixed tax per unit of electricity generated [7] . Others prefer to charge a royalty based on the revenues from hydroelectric sites as Brazil and Ontario do. Nevertheless, some authors advise that an optimal system of taxation should be based on profits rather than based on production, provided permissible expenses are clearly defined [22] .
Other practices are based on water use for hydropower production. In fact, even if hydropower production is not a consumptive use of water, it requires the construction of reservoirs, which modify the aquatic environment. Hence, royalties can be stated as fixed charges per unit of water used [15] . The purpose of this approach is to recognize the value of water. It tends to value not only the importance of good water quality, but also the availability of this resource for different uses. This method can also be seen as an ad valorem royalty because it is not linked to the project profitability, but extracts some rent from the inherent value of the resource [5] . As we will see, California has adopted this approach and has created a water fund where those royalties go.
We have found other proposals for royalties based on the free cash flows of a company or the capital base of the firm. However, this method raises some questions related to the difficulty of reconstructing the free cash flows of a company [23] .
Finally, other approaches present the advantages of establishing a scarcity rent that would consider the unit cost of electricity generation if hydro sites were unavailable or very limited [23] . This method considers the fact that there are a limited number of sites that are suitable for power generation and that they have seasonal limitations. It is also being proposed to charge a differential rent that could result from the ability of some hydroelectric sites to generate electricity at lower cost than other alternative generation technologies [5] . In fact, the differential rent depends on the way the resource is being used and on the different characteristics of the existing watercourse. Hydro rent can actually include both scarcity and differential rents [5] .
Furthermore, it is important to know that some countries have chosen to provide consumers with rebates on the price of electricity as part of the financial compensation they should provide to the community. This position is criticized because this policy encourages the over use of electricity [23] . Economists highlight the fact that when hydro developments are international in scope, it is better to establish explicit royalty mechanisms that will help with apportioning the rent between the co-owners of water resources, rather than embodying the hydro rent into the electricity price, which leads to an inequitable share of the rent favoring consumers [5] .
In the next section, we analyze the practices of the world's largest hydroelectric producers.
Results
We provide an overview of the political and legal framework governing hydroelectricity generation in each of the main four producers of hydropower in the world: China (920 TWh), Brazil (391 TWh), Canada (392 TWh) and the United States (290 TWh), together accounting for more than 50% of the world's hydro production in 2013 [1] . We focus our analysis on the royalty rate structure. Although three of these countries have in common a federal political structure, while China has a central government with limited power to provinces, their approaches to hydropower management differ by providing more or less power to their states or provinces, as Table 1 illustrates. In each of the next four subsections, we cover in more details these countries. 
China
China is the largest producer of hydroelectricity in the world since 2004 [24] . China has the richest water potential in the world, but water resources are asymmetrically distributed over its territory: 70% of the hydropower capacity is in four southwest provinces (Sichuan, Yunnan, Guizhou and Chongqing), while demand is located in coastal cities. The project "transmission of electricity from the West of China" has been developed to mitigate this problem [25] and is undoubtedly going to increase hydroelectric production in the years to come. In 2013, there were 46,758 hydropower plants in China, with a combined capacity of 332,889 MW [26] .
Legal Framework
Even though local governments in China started collecting water royalties from 1980, it was in 1988 that the Central government adopted the Water Law of the People's Republic of China, which formally established a capacity for water management in provinces, autonomous regions and municipalities. It states that the power to levy hydraulic charges and make the royalty system is rooted at the local level. However, with the revision of the law in 2002, the central authority has intervened periodically to regulate at the national level and to coordinate between regions and the federal government [27] . A formal system of permits and charges has been put in place, enacted and monitored at the federal level under the responsibility of the Ministry of Water Resources of the Council of State. This formal system still leaves the authority to manage water resources within the local departments of water resources. The originality of the Chinese system lays in the fact that while the royalty system was first established autonomously by provincial governments, and still operates at a provincial level, the federal government intervenes with a policy framework growing stronger, in an attempt to unify the various systems.
In China, the central government manages the system of licenses and has enacted detailed regulations for levying hydraulic royalties. Thus, the management of water resources functions according to three principles: the responsibility of three hierarchical levels of government (provincial, municipal and district), the co-management by the regional governments and the administrative institutions of the river basin, and, finally, a co-fixation of the fee by a group of regional departments, then approved at the central level.
As a result, as we will also see for Canada, there are a variety of rates for hydraulic charges administered by the different provinces (see Table 2 ). Since 2011, China is on the path to unify the management of water [28] . Moreover, in light of Article 12 of the 2002 Water Law, the Ministry of Water Resources under the State Council and its provincial counterparts are responsible for unifying water resources management. According to Article 3 of Regulation on the Administration of the License for Water Drawing and the Levy of Water Resource Fee [29] , the various water administrative departments are responsible for organizing, implementing, supervising, and administering the institution of license for water drawing. However, some trans-provincial water transfer projects' royalties are not necessarily subject to the Ministry of Water Resources because they are decided by the relevant provincial governments. Table 2 . Hydropower royalty rates in China (using US$1 = 6.66 Chinese Yuan). Hydropower royalties in China have been enacted before permits have been required: indeed, while hydraulic charges appeared with the 1988 Water Law, the legislative status of the water use permits and of the water charges for hydropower was only established in 2002 with the revision of this law. Nonetheless, although the permit system was enacted at the federal level, permits are issued locally relatively freely. The Chinese system parallels the North American model by its lack of uniformity.
Province

Hydropower Royalty Structure
In China, the hydropower royalty is clearly considered as a compensation that the operator of a plant shall pay to use the public commodity (hydropower) conceded to him. The government, which has been trying to regulate the matter since 2006, set minimum and maximum rates for royalties, leaving the provinces free to implement their own rates within these limits.
The royalty rate is calculated according to the actual power output of the plant and the local water fees [30] and the rate is established jointly by the ministries of price control, water resources and by the Treasury of the provinces, autonomous regions and municipalities, and must be approved by the government at the same level. It is subsequently registered at the ministries of price control, water resources and at the treasury [30] . In 2009, the hydropower royalty was jointly published by the National Development and Reform Commission, the Treasury, and the Ministry of Water Resources, proposing limits to the hydropower royalty rates that should be henceforth between 5 and 8 Chinese Yuan Renminbi (CNY)/MWh (between US$0.75 and US$1.25/MWh).
Hydropower royalties in each province greatly vary, even beyond these limits: the most economically developed provinces in southeast China, specifically the provinces of Fujian, Guangdong and Zhejiang, impose a high fee (about US$1.25/MWh), while less developed regions, for example, the autonomous region of Tibet, require lower fees (for instance, US$0.3/MWh) (see Table 2 [27]).
Some provinces have differentiated rates for large and small hydro, but not the province of Hubei, where the Three Gorges dam is installed. The royalty rate adopted by this province has followed the minimum rates suggested by the central government, US$0.75/MWh.
Royalty Distribution Policy
Concerning the royalty distribution policy, in the pursuance of Article 35 and Article 36 of State Council of China [29] , the levied water resource fees shall be separately turned over to the treasuries of the Central Government and of the local governments. The collection shall be mainly used for conservation, protection and administration of water resources, or may be used for reasonable exploitation of water resources, as specified in State Council of China [30] . The allocation and use of fees collected from the Three Gorges dam is jointly decided by the Ministry of Finance and Ministry of Water Resources. Their decisions have to be approved by the State Council.
In conclusion, even if the central government has given a national framework to set the hydropower royalties in China, they vary in price and in approach from one province to another. Nevertheless, the main criteria in all provinces is the power output of the station, and, in some provinces, the size of the power plant is taken into consideration.
Brazil
Few countries in the world enjoy a water system as generous as the Brazilian one. It is estimated that out of the 113 trillion cubic meters of water available for terrestrial life, 17 are in Brazil, which means that 15% of the existing fresh water in the world [31] .
Legal Framework
The legal requirements associated with the development of hydroelectric projects and the royalty system are clearly enacted at the federal level. The use of hydropower potential is subject to the authorizations and concessions regime established by the Water Code (Codigo de Aguas) and regulated by Law 9074 of 7 July 1995 (Lei 9074) in virtue of which the federal government establishes the permissions but also the hydropower royalty rates. Nevertheless, the Brazilian Constitution shares the competence on national water-courses between the federal government and states.
The Brazilian Constitution enacted in 1988 mentions that states, the Federal District, municipalities, as well as the Federal government, should share the profits of oil or natural gas exploration, as well as water resources for the purpose of power generation and other mineral resources by getting financial compensation and royalties for such exploitation.
Hydropower Royalty Structure
In 1989, a specific law about financial compensation (Lei 7.990/1989) was established to regulate the use of water resources for the purpose of electricity generation. The amount currently stated that must be paid by concession holders and permits for any hydraulic potential is 6.75% of the value of the energy produced, based on the energy generated. Initially, plants with nominal capacity of less than 10 MW were exempted from this payment. This exemption was extended to plants with a capacity not greater than 30 MW [32] .
In general, the Financial Compensation (FC) to be paid is calculated through a standard formula: FC = 6.75% × power generated in the month × reference rate. The reference rate ("Taxa annual de referencia") is set annually through an Agência Nacional de Energia Elétrica (ANEEL, the Brazilian Electricity Regulatory Agency) Resolutions, and the rate (see Table 3 ) is revised by the federal government every four years [33] . The above-mentioned 6.75% is divided in two parts: 6% and 0.75%. The 6% is allocated to municipalities affected by the dams and the states where dams are located (Lei 7.990/1989). More specifically, this 6% is divided between states and municipalities, each getting 45% of the total amount. The remaining 10% goes for the federal government: the Ministry of the Environment gets 3%, the Ministry of Mines and Energy also 3% and the National Fund for Scientific and Technology obtains 4%, which is managed by the Ministry of Science and Technology. The share concerning the Ministry of Environment is dedicated to the implementation of the National Water Resources Policy and the National Water Resources Management System, as well as the management of the national hydro-meteorological network (Lei 7.990/1989).
The remaining 0.75% is also allocated to the Ministry of the Environment, in order to further support the implementation of the National Water Resources Policy and the National Water Resources Management System (Lei 9984/2000).
Canada
Canada, like Brazil, produces about 10% of the world's hydropower [1] . This is made possible because Canada holds 7% of the world's renewable fresh water resources [34] .
Legal Framework
Likewise Brazil, the Canadian federal legal system operates on a shared jurisdiction between the federal government and the provinces. The division of powers has been set in detail by the Constitutional Law of 1867. In fact, in light of articles 109 and 117 of the Constitutional Law, provinces are owners of the natural resources that are in their territories. In addition, Articles 92 and 92A of the Canadian Constitution state that provinces enjoy exclusive legislative power for the management of their natural resources that are found in their territories. Thus, water and hydropower management are under provincial responsibilities. The federal government is responsible for managing water and natural resources that are found in federal lands (e.g., national parks), First Nation reserves, as well as Nunavut and Northwest Territories. The federal government can also adopt legislation related to interprovincial waterways, but, in practice, those waterways are managed on a mutual cooperation basis between riparian provinces [35] .
Since Canadian provinces enjoy exclusive legislative power for the management of water resources and the hydropower sector located on their territory, they have the ability to impose rights on water use and electricity production itself using licenses and royalties [36] . Consequently, each one has developed its own management system, and hence, this sector, as the royalties system, varies from one province to another.
Hydropower Royalty Structure
In Canada, all provincial governments charge a hydropower royalty to plant operators, except New Brunswick and Alberta, where hydropower production remains relatively small.
The federal government and the province of Newfoundland and Labrador have fixed a unique annual royalty: the federal one is based on water used or stored (Dominion Water Power Regulations), while the Newfoundland and Labrador ones are related to the lease of water power. Precisely, the annual rent for a water use license shall be Can$0.80/MWh of power generated (Water Power Rental Regulations, 2003 under the Water Resources Act).
In Quebec, the main producer of hydroelectricity in Canada with 183 TWh or 49% of the Canadian total in 2013 [37] , production is largely dominated by the government-owned enterprise Hydro-Quebec. The legal framework of this province specifies that holders of hydraulic power rights are subject to an inflation-adjusted charge of Can$3.852/MWh, in 2015 (Watercourses Act, R-13). Additional contractual charge and various one-time fee may also be charged.
Hydro-Quebec and private hydropower producers have also to pay a rent for the lease of the water property occupied by their hydropower installations. This rent is fixed at the higher amount between the 10% of the value of the water property, up to five hectares (ha) used, or Can$318 (per 5 ha) (regulation respecting the water property in the domain of the State, Art. 23). This amount is not significant. Hydro-Québec, contrary to private hydro-power producers, is exempted from municipal taxes, which is deplored by municipalities [38] .
The government of Ontario introduced in 2000 legislation intended to encourage the development and expansion of environmentally friendly hydro-electric generating stations. In 2001, the property taxes and water rental charges paid by hydro-electric generating station owners and water power leaseholders were replaced. Nowadays, these producers have to pay taxes and charges on the gross revenues of hydro-electric generating stations, called the "Gross Revenue Charge" (GRC). It is composed of a property tax component, payable by the owner of the hydro-electric generating station (private or public), and a tax related to the right of producing hydropower (Electricity Act, 1998).
Every hydropower plant owner benefits from the lower rates on the gross revenue from the first 700 GWh of annual generation for each station; see Table 4 . Some exceptions are provided to the applicability of these royalties (i.e., hydropower generated at Niagara Parks).
Royalty rates in Ontario have been subject to criticisms. In fact, rates are considered below the market value as some authors have highlighted: "actual water royalty rates were approximately $1.9 billion below their market value" [4] . It is assumed that the Ontario government keeps, in this way, artificially low electricity prices. Indeed, this approach encourages the overconsumption and overproduction of hydro sites.
British Columbia has also maintained low hydropower rates. In fact, even if this province has reviewed the water pricing, under the 2014 Water Sustainability Act that came into effect in January 2016, the rates related to hydro-electric power generations have not been part of this water pricing review.
In this province, there are different types of hydropower royalties. First, a royalty based on the storage capacity of the station that is intended to "reimburse the expenses incurred to preserve the right to use water" [39] . The rates for storage supporting waterpower production for 2016 are the equivalent to approximately Can$0.002 per 1000 cubic meters; see Table 4 . Then, a royalty based on electricity generation and capacity is charged. Finally, if the dam is on crown lands, there is a royalty payment due for the permit over crown land occupied by a dam, a minimum of Can$100 per year or Can$120/ha per year in 2016 [40] .
There is no hydropower power royalty in New Brunswick as such. A charge has to be paid for the rental of crown land for the production of power, but this also applies to wind energy [41] . New Brunswick Power, the main hydropower producer of the province, owns land of its plants. No information was found on the other two hydropower producers (JD Irving and Algonquin Power).
In Alberta, the 2000 Water Act contains no provision regarding the imposition of charges related to the production of hydroelectricity. Although the law states that a charge may be required by the Ministry of Environment for hydropower production (Article 168.3), "there is no associated price to the water" used in Alberta [42] .
In Manitoba, the main producer of hydroelectricity is the state-owned company Manitoba Hydro. As for all producers of hydropower in the province, it must pay two royalties. One related to the right of use crown lands: Can$1.80 per acre per year (Water Power Act, article 48-3.1). The other royalty is related to water use, which is based on the greater of the horsepower (hp) capacity or the horsepower output of the station; see Table 4 (with rates converted in $/kW and $/MWh).
Saskatchewan follows a similar model, defined in The Water Power Rental Regulations, established in 2006. All hydropower producers pay the greater of the capacity fee of Can$1000/MW per year, or an energy fee of Can$5.10/MWh (2015 values). This energy fee changes every year [43] .
In Nova Scotia, the fee regulation made under the Environmental Act (N.S. Reg. 29/2012) establishes an annual administration fee of $608.84 for the use of water for hydroelectric purposes and an annual capacity fee of Can$2600/MW.
As it has been shown, rates and fees are mostly based on the hydropower generation in Canada. This is the case in Newfoundland and Labarador, Ontario, Quebec, British Columbia, Manitoba and Saskatchewan. In addition, some provinces as Manitoba and Saskatchewan consider the power capacity of the station, instead of only the output, whichever being greater. Ontario has opted for a different basis for the calculation of the royalty rate. The calculation is not done exclusively on the basis of the energy produced, but as its name suggests, on the gross income.
Royalty rates change in accordance with the provisions laid down by provinces. Only three provinces in Canada have opted to update periodically the royalty rate: Quebec, British Columbia and Saskatchewan. Rates are indexed annually according to the percentage increase in the consumer price index. In contrast, other provinces do not allow the evolution of the charge over time and, for example, federal annual fees are generally fixed for a period of 20 years and subsequently reassessed if the concessions themselves have a longer duration. However, this federal system only concerns a marginal share of hydropower generation. In the province of Quebec, these payments go to a provincial "Generations Fund", dedicated to reduce the public debt (Article 68 of the Watercourses Act). In this province, the Environment Quality Protection Act (31 (e.1)) gives to the government the possibility of creating economic instruments, such as royalties related to the use of water, to protect the environment. At the moment, there's no charge adopted by regulation to protect the environment or to cover negative externalities generated by dams. Nevertheless, Hydro-Quebec has some voluntary programs dedicated to offset the residual impacts of its transmission projects, in which the company invests 1% of the value of transmission infrastructures. Indeed, Hydro-Quebec spent Can$4.2 million in 2014 to compensate communities for the negative impacts caused by new transmission infra-structures. Hydro-Québec also disbursed about half a million dollar yearly in an environment fund [44] .
In Ontario, the Electricity Act incentivizes through lower royalty rates the construction of new stations and the enlargement of existing stations [45] . This may in fact be contradictory with the suggestion that royalties should reflect negative environmental and social impacts of large dams [15] .
Almost no province in Canada has adopted a royalty system to compensate for the negatives externalities associated to dams. Indeed, only Newfoundland and Labrador uses a share of the royalties collected for water conservation and for environmental programs, and Hydro-Quebec has adopted, on a voluntary basis, a program dedicated to protect the environment.
United States
US hydropower accounted for 7.5% of world hydropower generation, while about 290 TWh [1] . Three states (Washington, Oregon and Idaho) generate the majority of their power from hydropower resources, while four states (Washington, Oregon, New York and California) generate more than 20 TWh per year of hydropower [46] . As shown in Table 5 , although public owners of hydropower (municipal, non-federal and federal organizations) only operate 31% of the plants, they control 73% of the US capacity, of almost 54,000 MW. Kao et al. [47] estimate that 65,500 MW of new hydro capacity could technically be developed. Unlike Canada, the US centralizes, at the federal level, part of the hydropower regulation. The Federal Power Act of 1935 gives to the Federal Energy Regulation Commission (FERC), an independent organization of the Department of Energy, the responsibility to regulate non-federal hydropower projects (this includes all hydropower projects not owned by the federal government; see Table 5 ). The FERC issues licenses allowing the construction and operation of dams and powerhouses and sets up different charges collected from licensees operating hydro plants. The FERC levies annual fees from licensees in order to "repay the U.S. government for the costs of administering the regulatory program of hydropower" and also requires charges for government land use, government's dam use or because of the upstream benefits due to projects built by the government. Nevertheless, as it is the case for Canada, US states have the primary responsibility for managing the use of water resources. Accordingly, they retain a residual authority enabling them to establish additional, discretionary, specific water rights and rent regimes through their own constitutions. Thus, the US system is characterized by a common federal framework and various state regulations.
Hydropower Royalty Structure
As already mentioned, the FERC imposes a fee, applied to all non-federal hydroelectric projects, which could be described as a "reimbursement royalty": it collects charges in order to offset administration costs. This federal charge can be supplemented with a state royalty.
Thus, New York and Oregon states additionally require a "reimbursement charge": every license shall pay an annual charge for the cost of administration of the waterpower program [49, 50] . FERC and New York also provide a rental fee linked to the ownership of water or land by the state, for example: when the owners of a dam occupy federally owned land, the FERC also determines charges for a licensee's use of federal lands, federal dams, and Native American reservations. In New York, each licensee shall pay an annual charge for using water power sites or lands pertaining to the state [50] . However, only California, Oregon and Washington arranged for a fee directly related to the generation of hydroelectricity: each entity holding a permit for an activity involving the diversion or the use of water for hydropower generation shall pay an annual fee (California Water Code, Fee schedules, s.1525-1530, C-8, Article 1.) and Oregon Revised Statutes [49] . Finally, states like Alabama, which do not require any authorization for the production of hydroelectricity, do not collect any royalty.
The "reimbursement" fee of the FERC is calculated on the basis of the authorized installed capacity in kW, and the annual generated power in MWh. The FERC also charges for the use of government land based on its commercial value. These fees are established by county, or by state, on a feet/acre/year basis. The schedule of these fees is updated every year, in accordance with the most recent schedule of fees for the use of linear rights-of-way prepared by the U.S. Forest Service [51] .
There is also a charge for the use of government dams (Code of Federal Regulation, CFR, Title 18, Chapter 1, Subchapter B, Part 11 § 11.3) or other structures owned by the government, at the rate of: US$1/MWh for the first 40 GWh of a project, US$1.5/MWh for over 40 GWh, up to 80 GWh, and US$2/MWh beyond 80 GWh. This annual charge is based on the gross energy production less the energy provided free of charge to the government. The FERC determines on a case-by-case basis the annual charges for pumped storage projects using a government dam or other structure.
The FERC also determines, on a case-by-case basis, the annual charges for any project using tribal lands (CFR, Title 18, Chapter 1, Subchapter B, Part 11 § 11.4) within Indian reservations and also a charge for headwater benefits (CFR, Title 18, Chapter 1, Subchapter B, Part 11 § 11.10).
The FERC administrative charges are adjusted annually (Federal Power Act (1935), 16 USC § 803, s.10).
Large hydropower states such as Oregon [49] , Washington (Revised Code of Washington) and California (Water Code) charge some fees for hydro-electric production. In fact, they have decided to calculate the charges on the basis of the installed capacity, reported on the licenses for use, employing scales, but each state has its own way of determining the rate (see Table 6 ).
It must to be considered that fees do not apply to any hydropower project owned by the US government if the use of water for the generation is 50 hp (37 kW) or less.
In California, the Water Code establishes some emergency regulations and fees for hydroelectric facilities, going to the Water Rights Fund of the State Treasury. The Water Code authorizes the State Water Board to periodically adjust the fees and requires the State Water Board to revise the fee schedule each fiscal year, as necessary to conform to the revenue levels set forth in the annual Budget Act (Water Code, § 1525, 1530 & 13160.1.).
The water used (in cubic meters) is considered equal to the diversion rate multiplied by the length of the direct diversion season, and the total collection amount for storage, unless otherwise specified. If the permit or license includes both direct diversion and storage, the two amounts are additive, unless a total annual amount is specified. The royalties collected are paid to the Water Rights Fund of the State Treasury.
In the state of New York, in spite of the regulatory provisions providing for royalties, in practice, the New York Department of Environmental Conservation has not been charging fees to anyone as they haven't had any requests for licenses [52] .
In all cases, hydropower royalties are only paid by private owners-plants owned by governments do not pay these fees. Table 6 . Hydropower royalty rates in the US's largest hydropower states (production ≥ 10 TWh).
Regulator
Annual Charge Basis Royalty Rates The FERC determines a fee for headwater benefits (CFR, Title 18, Chapter 1, Subchapter B, Part 11 § 11.10), which implies a charge for the benefits provided to downstream users of regulated water from an "upstream" headwater project. Benefits are in the form of increased energy generation at downstream hydro projects. The project owners pay a portion of the capital costs of the headwater project in proportion of the energy gain benefits they receive.
The FERC establishes and collects payments for headwater benefits on behalf of federal project owners. The collected money returns to the US Treasury (US Corps of Engineers, Bureau of Reclamation).
In general, at the federal and at the state levels (Oregon and New York), charges are based on an administrative and operational cost-recovery principle, without any consideration for the negative externalities related to dams. Similarly, in California, royalties are going to the Water Fund to cover costs of the administration system.
Moreover, as noted before, exempting hydropower project owned by the US government from royalty payment does not encourage public owners to consider the real value of water and hydropower energy.
Discussion
Historically, governments across the world have chosen to keep royalty rates [6, 7] , and hence hydropower prices, low to promote industrialization. This is the case for the four main hydropower producers we study. One notable exception is Switzerland, where hydropower royalty rates are about $10/MWh [53] . These policies should be revised as they do not promote efficiency and the reduction of environmental and social costs, in order to ensure sustainable development [4] . Moreover, exemption of royalties for government-owned hydropower producers, as in the United States, does not encourage public owners to value the societal benefits of these sources of energy.
Charging lower water royalty rates and exempting some producers is a way to keep production costs artificially low and, as a consequence, to artificially decrease the overall average price of electricity. This appears to be the case in all jurisdictions reviewed in this paper, with royalty rates ranging from $0 to a maximum of $3.8/MWh (Ontario and Quebec, Canada). It has been particularly documented in Ontario, where royalty rates were considered to be below the market value of the production of hydro-electricity [23] .
This situation also increases the negative externalities associated from hydropower, as it unfairly promotes its development. Furthermore, most of the damages generated by the construction of dams are never recovered. In fact, as it has been shown, most states do not provide a royalty for covering and, in the same way, internalizing the negative externalities that hydropower sites have produced. Indeed, at the moment, externalities are generally not reflected in the market prices, so the external costs associated with the production are borne neither by consumers nor producers.
That's why hydropower royalty systems should include the cost of those externalities, even if it raises the price of electricity [17] . It is true that, on one hand, collecting the full amount of hydroelectric royalties would have adverse effects on residential, commercial, and industrial consumers of electricity. An increase in electrical rates will affect their costs and hence what they may charge for the goods and services that they produce [23] . However, on the other hand, higher royalty rates intended to cover negative externalities would in fact be more equitable to those who support the higher costs of the construction of dams (local populations and the environment). In addition, while higher rates have an impact on the price of electricity, they also encourage a lower energy consumption and, therefore, promote the conservation of water and aquatic resources. This is what some authors call the "value gap" [12] , which, in our case, is the gap between current royalty rates and the full cost of societal and environmental value of water and energy. If this situation stays as it is in the four countries that we have studied, we can hardly expect improvements in water and energy management. This leads to some forms of the "tragedy of the commons": overexploitation of common resources.
Increasing hydropower royalties will induce institutional as well as political and stake-holder opposition [12] . This reaction can be somewhat alleviated by the creation of a determined water conservation fund, as in California.
The case of Brazil shows an example of financial compensation from hydropower companies dedicated to the environment and local communities. In fact, contrary to the Quebec practice, Brazil has outlawed the use of royalties to reimburse debts and for public expenses, and has chosen to use these funds for environmental and social purposes. Some studies have demonstrated that municipalities receiving financial compensation effectively present a progress in social and economic indicators when compared to the situation before and after the receipt of the financial compensation [54] . Nevertheless, in this country, regarding the environmental aspects, it seems that the financial compensation is not enough to mitigate externalities arising from the construction of hydroelectric power plants [12] .
In Quebec, despite the fact that royalties are exclusively intended to repay the public debt, Hydro-Quebec has voluntarily created an environmental fund to compensate local communities and the environment.
Finally, this study shows that royalty and distribution policies are determined in an arbitrary and unsystematic manner. This leads to a heterogeneity that undermines the creation of a level-playing field for hydropower development and use. In fact, the different approaches we document here illustrate how water use is undervalued. A more harmonized royalty system, starting at the national level, would be a significant policy improvement. Adopting such a more uniform system of royalties should become a priority, as economies and issues are increasingly becoming global. Furthermore, in a context of climate change, key renewable resources such as hydropower should continue to be developed, but in a sustainable and responsible way, where production and use are properly valued.
Conclusions
This study has shown that the leading hydropower producing countries, China, Brazil, Canada and the United States, are differently organized regarding hydropower royalties. If in Canada the primary responsibility clearly belongs to provinces, in China, the central government plays a much larger role. The United States and Brazil have centralized many aspects of the management of hydropower at the federal level with, nonetheless, a contrast between the autonomy American states have in creating local rules and the uniformity imposed to Brazilian states.
This study has revealed that the current royalty's approaches may vary considerably between regions, even inside the same country. The most common criterion that has been identified to charge royalties is hydropower generation. Nevertheless, the application schemas can be very different. Furthermore, royalty practices are not subject to regular updates in all jurisdictions and don't equally apply to all.
Few cases include the principle of compensating negative externalities in royalty rates. Only Brazil appears to clearly consider this cost in the foundations of the royalty's system, even if in Canada, the United States and China, we can identify some cases where water conservation concerns are considered.
Therefore, some recommendations could be put forward, such as the need for countries to adopt a royalty system that considers compensating for damages to local communities and to the environment. While it may be argued that the establishment of a new rate would increase the price of access to electricity for final consumers, it is worth adopting a long-term vision in which governments internalize environmental and social costs. Those policies should also integrate some equity principles, to protect low-income consumers.
